The effect of glass particle size on the crystallization kinetics of an iron-rich glass from a nickel leaching waste has been investigated by means of differential thermal analysis (DTA). The results show that the crystallization of a pyroxene phase occurs by bulk nucleation from a constant number of nuclei. The crystallization mode and the dimensionality of crystals are strongly dependent of the glass particle size, being 100µm the critical size. Glass fractions with particle size >100µm show three-dimensional crystals growth controlled by diffusion whereas a particle size <100µm leads to an interface reaction mechanism with two-dimensional growth of crystals.
Introduction
The term vitrification is commonly used to mean the process of converting a material into a glass-like amorphous solid, which is free from any crystalline structure. Glassceramic are ceramic materials formed through the controlled nucleation and crystallization of glass. Glass-ceramics were developed in the 1950s and find a wide variety of applications in different technological fields [1] [2] [3] [4] [5] . The earliest glass-ceramics were produced by a conventional glass route and subsequently crystallized, usually by heat treatment in two stages to give nucleation followed crystal growth. In recent years, the sintering method has proven as a technically available route for glass-ceramics manufacture. This process usually involves milling a glass frit into fine particles, which are then shaped by conventional forming techniques and subsequently heat treated to provide sintering and crystallization of glass particles. Sintering process is normally used when the parent glass shows a strong tendency for surface crystallization or complex shapes are required.
Because glass and glass-ceramics are known to have many commercial applications, the transformation of wastes into glass or glass-ceramics provides the opportunity for making useful, marketable products out of wastes. Vitrification as method of waste disposal was firstly applied in the 1970s to the immobilization of liquid high-level radioactive waste (HLW) [6] [7] . Since then, there has been a considerable research in this field, which concludes that vitrification process leads to a stable glass that is far superior in terms of durability, strength, and leach resistance compared to other wastes stabilisation technologies [8] [9] [10] [11] [12] .
Glass ceramic method has been also used for the disposal of a wide diversity of nonnuclear inorganic wastes originated in both industrial and mineral processes [13] . In this case, wastes are transformed into valuable products for subsequent use as ceramic floor tiles, abrasives or concrete additives. Among industrial wastes, special attention is paid on those with high iron oxide content, which leads to glass-ceramic materials characterized by high mechanical strength and good chemical stability. In last years, iron-rich glass-ceramics have been obtained from zinc hydrometallurgy wastes [14] [15] [16] , electric arc furnace dusts (EAFD) from the steel production [17] [18] [19] , copper flotation wastes [20] and coal ashes [21] .
Usually, inorganic wastes must be combined with glass-forming raw materials to develop by heating a melt that then solidifies during cooling and gives rise to a glass. In occasions, batch compositions containing wastes lead to melts with high tendency to crystallize during cooling and the vitreous state can be only achieved through fast cooling by pouring the melt on water to obtain a frit. In these cases, glass-ceramics can be only prepared by sintering route and the particle size of glass grains will play an important role in the crystallization process.
The aim of the present work is to determine the effect of glass particle size on the crystallization kinetics of an iron-rich glass produced by melting of a nickel leaching residue (NLR) from hydrometallurgical nickel production.
Materials and Methods
Raw materials used in the present investigation were a nickel leaching residue (NLR), glass cullet and dolomite. NLR is a waste coming from nickel production from Albanian laterite ore in a hydrometallurgical plant in Sereď (Slovakia). The annually production was around 3x10 5 tons and since the production finished in 1993, near to 5.5x10 6 tons waste remain at the dump. Even though the NLR contain more than 60 wt% of iron in oxide form, it is not suitable as feed for steelmaking industry because of its high content of chromium. Table 1 shows the chemical composition of raw materials as determined by atomic absorption spectroscopy (AAS). Iron oxide is the main component in NLR, which also shows a low content of both glass-forming (SiO 2 ) and stabilising oxides (alkaline earth oxides). For this reason, glass cullet and dolomite have been used in the formulation of NLR glass, which was prepared by mixing 30% NLR, 60% glass cullet and 10% dolomite. Homogenized batches were placed in aluminasilica crucibles and heated at 15ºC/min in a high-temperature electric furnace up to 1450°C. After a holding time of 30 min, the melt was quenched by pouring into water.
To investigate the effect of particle size on crystallization kinetics of NLR glass, the frit was separated by sieving in six fractions with different particle size ranges as is shown in Table 2 . The vitreous or crystalline state of NRL glass before and after thermal treatment was established by X-ray diffractometry. Samples were crushed to fine powder in an agate mortar, passed through a 300 mesh sieve and then were scanned with CuKα radiation from 3º ≤ 2θ ≤ 60º at a scanning speed of 0.5º/min, using a Philips X`PERT MPD diffractometer operating at 30 mA and 50 kV.
Differential thermal analysis (DTA/TG) was performed on NLR glass fractions in a SETARAM Labsys Thermal Analyser. The samples were heated from room temperature to 1250ºC at heating rates of 5, 10, 15, 25, 40 and 50ºC/min. The DTA scans were conducted in flowing air using platinum crucibles with calcined Al 2 O 3 as reference material. All the DTA curves were normalised with respect to the sample weight.
The analysis of crystallization kinetics has been accomplished from DTA curves in basis of the Johnson-Mehl-Avrami (JMA) theory, which describes the evolution of the crystallization fraction, x, with the time, t, during a phase transformation under an isothermal condition.
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where x is the volume fraction crystallized after time t, n the Avrami exponent and k the reaction rate constant, whose temperature dependence is generally expressed by the Arrhenian type equation:
where k 0 is the frequency factor, E is the apparent activation energy, R is the ideal gas constant and T is the isothermal temperature in Kelvin.
The crystallization rate can be expressed by:
and taking logarithms,
These equations have been derived for isothermal crystallization process but they can be applied with certain restrictions to non-isothermal experiments with satisfactory results [22] .
During a phase transformation under an isothermal condition the crystallization fraction, x, at a temperature T differs at different heating rates and hence, the curves of dx/dt versus temperature are also different. In this case, the crystallization kinetic can be studied by the mathematical method proposed by Ligero et al. [23] , which has been effectively applied for interpreting DTA results from different materials [24] [25] [26] . If we select the same value of x in every experiment at different heating rates, there should be a linear relationship between the corresponding dx/dt and 1/T, whose slope gives the activation energy, E. Then, it is possible to calculate, through Eq. (4), the value of ln[k 0 f(x)] for each crystallized fraction at each heating rate. From the plot of ln[k 0 f(x)] versus x, we can select many pairs of x 1 and x 2 that satisfied the condition
and therefore,
and the Avrami parameter, n, can be calculated by,
Once the Avrami parameter is determined, the frequency factor, k 0 , can also be calculated by equation:
The Avrami parameter, n, indicates the crystallization mode. Another useful parameter is the numerical factor, m, which depends on the dimensionality of crystal growth and is derived from the Matusita and Sakka equation for non-isothermal DTA experiments [27] [28] [29] :
where φ is the heating rate and T p is the temperature at the maximum of crystallization peak.
Results and Discussion
The glassy nature of the as-quenched frit is established by XRD in Figure 1 , which depicts the typical amorphous halo characteristic of glassy materials. Table 3 shows the chemical analysis by XRF of NLR glass, being SiO 2, Fe 2 O 3 and CaO the major components. Compare to other silicate glasses, NLR glass is distinguished by a high iron oxide content, which will confer a high crystallization tendency to the glass. In fact, this composition can be only achieved in a glassy state by means of fast cooling by pouring the melt on water. Figure 2 shows representative DTA curve recorded on 80-100µm fraction during heating from room temperature to 1250ºC at a heating rate of 25ºC min -1 . The glass shows the glass transition, Tg, at 610ºC followed by an only exothermic crystallization peak, T p , in the 755º-783ºC range. Finally, and endothermic reaction at 1035ºC indicates formation of a liquid phase. The exothermic peak is due to the crystallization of a pyroxene phase from the diopside-hedenbergite group, which forms a completed solidsolution series between CaMgSi 2 O 6 (diopside) and CaFeSi 2 O 6 (hedenbergite) [30] , as has been identified by XRD analysis on NLR glass sintered at 750ºC during 30 min (Figure 1 ). Pyroxene-type phases are typical phases precipitated in glass-ceramics from iron-rich wastes, in which crystallization occurs through liquid-liquid immiscibility, where one of the liquid phases is richer in iron and promotes a spontaneous formation of the magnetite spinels nano-crystals, which act as nuclei for the formation of the main pyroxene phase [31, 32] . Figure 3 depicts the DTA curves recorded on different particle size fractions of NLR glass at a heating rate of 25ºC. The temperature of the maximum of the exothermic peak, Tp, shifts to a higher temperature as the particle size decrease from 500 to <63µm. In addition, the height and width of crystallization peak is also changing. Thus, Fig.3 indicates that the crystallization kinetics of NLR glass will be highly subject to the glass particle size.
As is usual in glasses, if we consider a specific particle size fraction, the temperature of the maximum of the exothermic peak, T c , shifts to higher temperatures as the heating rate increases. As instance, Figure 4 depicts the DTA curves recorded on the 80-100µm fraction at different heating rates. From each of those curves, the crystallization fraction, x, can be determined by the ratio:
where A T is the area of the exotherm peak in the DTA curve at temperature T and A is the total area under the peak. Figure 4 . DTA curves fromf4 fraction (80-100µm) at different heating rates. Figure 5 represents the variation of x with temperature for the 80-100µm fraction under different heating rates. As presumed from the different size of curves in Fig. 4 , the crystallization fraction at a fixed temperature varies with heating rates and consequently, the representations of dx/dt versus time are also different as is shown in Figure 6 , which depicts the growth rate of pyroxene phase with time for different heating rates. As expected, the rate of crystallization increases with the heating rate. Table 4 . For calculations, only values of crystallized fraction that lead to highly reliable fitting (coefficient of determination, r > 0.99) have been taken into account. The average activation energy of pyroxene phase devitrification for the different particle size fractions is shown in Figure 8 . It can be seen that the fractions can be sorted out in two groups with 100µm as the critical particle size. This result indicates that the crystallization in NLR glass occurs by different mechanisms depending on the glass particle size. This fact will be explained afterwards. The value of ln[k 0 f(x)] for the different particle size fractions can be calculated once their activation energy is known and the Avrami parameter, n, is determined by selecting several pairs of x 1 and x 2 that satisfy the condition ln[k 0 f(x 1 )] = ln[k 0 f(x 2 )]. Figure 9 shows the plot of ln[k 0 f(x)] versus crystallization fraction for 80-100µm fraction heated at 25ºC min -1 . Similar curves are obtained for the different heating rates and particle size fractions. Table 5 collects the calculated values at different heating rates and the average values of Avrami parameter, n, and the frequency factor, k 0 . It can be seen that there is a strong step in the magnitude of k 0 from 80-100µm fraction (k 0 =3.72x10 15 s -1 ) to 100-250µm fraction (k 0 =1.4x10 19 s -1 ). As the frequency factor is related to the vibration frequency of atoms in the interface crystal-liquid [33] , the observed change is indicating a strong viscosity variation just around the critical particle size (100µm). Figure 10 shows the fitting of Matusita equation (9) for the different particle size fractions. Once the values of n and E are known, the slope of the lines yields the m factor. [34] . All fractions are located on the region of bulk nucleation mechanism with constant number of nuclei. However, it can be seen that in agreement with Fig. 8 , the fractions are arranged in two groups. The parameters n and m are both close to 1.5 in fractions with particle size >100µm, which is an indication, according to Matusita, of a diffusion controlled mechanism with three-dimensional growth of pyroxene crystals with polyhedron-like morphology. As to finer fractions with particle size <100µm, n and m parameters are shifted to values close to 2, which indicates an interface reaction mechanism with two-dimensional growth of pyroxene crystals with plates-like morphology. The values of n for f1-f6 fractions are in the 1.40-1.65 interval, which is in agreement with values of n in the 1.2-1.8 interval previously reported on iron-rich glasses [16, 21, 32] . As for m parameter, there is a lack in the literature on the determination of such parameter and hence, it was not possible to evaluate against similar glasses. Figure 11 . Plot of n and m parameters for f1-f6 fractions comparing to different crystallization mechanisms according to Matusita et al. [34] .
Conclusions
The effect of particle size on crystallization kinetics and growth mechanism of an ironrich glass produced by melting a waste coming from nickel hydrometallurgical production have been investigate by DTA method on a glass prepared by mixing 30% waste, 60% glass cullet and 10% dolomite. From the experimental results the following conclusions can be drawn: -The temperature of the maximum of the exothermic peak shifts to higher temperatures as the particle size decrease from 500 to <63µm.
-The average activation energy, E, of pyroxene phase devitrification for the different particle size fractions is in the 349-423 kJ mol -1 interval. The arrangement of E with particle size indicates that crystallization in the glass occurs by different mechanisms depending on the glass particle size, being 100µm the critical particle size.
-The values of the calculated growth morphology parameters, n and m, indicate that bulk nucleation from a constant number of nuclei is the dominant mechanism for pyroxene crystallization.
-Glass fractions with particle size >100µm show values of n and m parameters close to 1.5, indicating a three-dimensional growth of crystals with polyhedron-like morphology.
-Glass fractions with particle size <100µm show values of n and m parameters shifted to 2, indicating an interface reaction mechanism with two-dimensional growth of crystals with plates-like morphology.
-The values of the frequency factor, k o , are in the 3.72x10 15 -1.40x10 19 s -1 range and show a strong change around the critical particle size.
